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Crystal structure of the Atx1 metallochaperone protein 
at 1.02 Å resolution
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Amy K Wernimont1, Robert A Pufahl2 and Thomas V O’Halloran1,2
Background: Metallochaperone proteins function in the trafficking and delivery
of essential, yet potentially toxic, metal ions to distinct locations and particular
proteins in eukaryotic cells. The Atx1 protein shuttles copper to the transport
ATPase Ccc2 in yeast cells. Molecular mechanisms for copper delivery by Atx1
and similar human chaperones have been proposed, but detailed structural
characterization is necessary to elucidate how Atx1 binds metal ions and how it
might interact with Ccc2 to facilitate metal ion transfer.
Results: The 1.02 Å resolution X-ray structure of the Hg(II) form of Atx1
(HgAtx1) reveals the overall secondary structure, the location of the metal-
binding site, the detailed coordination geometry for Hg(II), and specific amino
acid residues that may be important in interactions with Ccc2. Metal ion transfer
experiments establish that HgAtx1 is a functional model for the Cu(I) form of
Atx1 (CuAtx1). The metal-binding loop is flexible, changing conformation to form
a disulfide bond in the oxidized apo form, the structure of which has been
solved to 1.20 Å resolution.
Conclusions: The Atx1 structure represents the first structure of a
metallochaperone protein, and is one of the largest unknown structures solved
by direct methods. The structural features of the metal-binding site support the
proposed Atx1 mechanism in which facile metal ion transfer occurs between
metal-binding sites of the diffusible copper-donor and membrane-tethered
copper-acceptor proteins. The Atx1 structural motif represents a prototypical
metal ion trafficking unit that is likely to be employed in a variety of organisms
for different metal ions.
Introduction
Copper plays a crucial role in eukaryotic cells, serving as a
cofactor for many proteins and enzymes involved in bioen-
ergetic processes, aerobic oxidations, and metabolism of
reactive oxygen species [1]. The redox properties of
copper render it capable of forming toxic organic and
oxygen radicals, which can damage proteins, lipids, and
nucleic acids. The mechanisms by which cells handle the
transport and distribution of this essential, yet highly toxic,
metal ion are not understood and represent a fundamental
problem in cell biology and bioinorganic chemistry.
Several copper-trafficking pathways in yeast have recently
been discovered and characterized by genetic approaches.
Copper is transported into the yeast cell via the plasma-
membrane protein Ctr1 [2]. Once inside the cell, copper is
distributed to various cellular locations including metalloen-
zymes in the secretory pathway, the cytoplasm, and the
mitochondria [3]. Transport of copper into secretory vesi-
cles occurs via a P-type ATPase [4], Ccc2, which translo-
cates copper across intracellular membranes to the
multicopper oxidase Fet3. Fet3 is required for high affinity
iron uptake [5–7]. The mechanism by which Ccc2 obtains
copper has recently been shown to involve a Cu(I)-binding
protein, known as Atx1 [8]. This 72-residue protein, origi-
nally isolated as a suppressor of superoxide toxicity [9], is
an essential component of the high affinity iron uptake
pathway, and has been localized to the cytosol [10]. In
addition, a yeast two-hybrid experiment has revealed a
copper-dependent interaction between Atx1 and the N
terminus of Ccc2 in the cell [8]. A similar pathway has
been proposed in humans: copper is apparently transported
into the cell by plasma-membrane proteins similar to Ctr1
[11] and then shuttled by an Atx1-like protein, Atox1 [12],
to the multicopper oxidase ceruloplasmin (a Fet3 analog)
[13] via the Menkes and Wilson disease proteins, which are
the human counterparts of Ccc2. Mutations in these pro-
teins cause Menkes syndrome and Wilson disease [14,15],
genetic disorders of copper metabolism.
The molecular mechanisms of copper trafficking
between the cytosolic chaperones Atx1 and Atox1 and
their corresponding transport ATPases are not under-
stood. A striking feature of both the chaperone proteins
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and target ATPases is the existence of one or more N-
terminal MT/HCXXC sequence motifs (single-letter
amino acid code, where X is any amino acid), which have
been proposed to bind copper ions. Atx1 and Atox1 each
contain one repeat of this motif. The Menkes/Wilson
disease proteins each contain six repeats of the motif [16]
and Ccc2 contains two repeats [17]. This motif is also
found in the copper chaperones for superoxide dismutase
I (SOD1) [18] and in a variety of bacterial metal-trans-
port proteins, including the Hg(II)-resistance protein
MerP and other proteins involved in resistance to Cd(II)
[16]. Direct evidence for metal binding to the
MT/HCXXC-containing domain has been reported for
the Menkes/Wilson disease proteins [19,20] as well as for
Atox1 [21] and Atx1 [8]. In addition, solution structures
of a polypeptide comprising the fourth MT/HCXXC
repeat of the Menkes disease protein [22] and of MerP
[23,24] have been determined by nuclear magnetic reso-
nance (NMR) spectroscopy.
In order to determine how Atx1 binds metal ions and to
elucidate how Atx1 and Ccc2 interact to facilitate metal
ion transfer, we have solved the X-ray structures of the
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Table 1
Data collection statistics.
HgAtx1* Oxidized apoAtx1
Resolution (Å) 1.02 1.20
Unique/total observations 24,099/102,722 19,349/173,690
Completeness† 95.4 (90.2)‡ 98.9 (89.5)§
Rsym†¶ 0.051 (0.106)‡ 0.051 (0.085)§
<I/σ> † 8.4 (5.3)‡ 7.5 (8.6)§
*All data collected at –160°C using a 2k × 2k Mar CCD detector at the
Advanced Photon Source. The wavelength was 1.0047 Å for HgAtx1
and 0.96392 Å for oxidized apoAtx1. †Values in parentheses are for the
highest resolution shell. ¶Rsym = Σ|Iobs–Iavg|/ΣIobs, where the
summation is over all reflections. ‡Highest resolution shell is
1.02–1.05 Å. §Highest resolution shell is 1.24–1.20 Å.
Figure 1
Stereoviews of the initial and final electron-
density maps with the final refined coordinates
superimposed. Residues His6–Asn10 are
shown on the left and residues Thr50–Glu58
are shown on the right. (a) 2Fo–Fc electron-
density map calculated at 1.5 Å resolution
from the coordinates of the initial Shake and
Bake solution. The map is contoured at 1σ.
(b) Final 1.02 Å resolution 2Fo–Fc electron-
density map contoured at 1.5σ. The figure
was generated with the program SETOR [47].
mercury form of Atx1 (HgAtx1) at 1.02 Å resolution and of
the oxidized apo (metal-free) form of Atx1 (oxidized
apoAtx1) at 1.20 Å resolution. The metal-binding site is
located near the surface of the protein, and the Hg(II) ion
is coordinated by two cysteine residues in a linear fashion.
Metal ion transfer experiments reveal that Atx1 can trans-
fer Hg(II) to a soluble domain of Ccc2. In the oxidized
apoAtx1 structure, formation of a disulfide bond between
the two cysteine residues is accompanied by a rearrange-
ment of the metal-binding loop. The structure also reveals
a number of positively charged lysine residues on the
surface, which may be important in interactions with Ccc2.
Results and discussion
Structure determination
The structure of HgAtx1 was solved by direct methods by
using the program Shake and Bake [25] and a 1.02 Å reso-
lution data set (Table 1) collected at the DND-CAT
(Dupont–Northwestern–Dow Collaborative Access Team)
beamline at the Advanced Photon Source (APS). We first
determined the position of the mercury atom using anoma-
lous Patterson maps. One thousand trial structures, each
containing 567 random atoms (HgAtx1 contains 567 non-
hydrogen atoms), were then generated with Shake and
Bake, and the known mercury position was inserted as the
first atom in each structure. The fortieth trial structure
yielded a distinct solution. When the atomic positions
from this solution were used to calculate phases, the elec-
tron-density map shown in Figure 1a was obtained. By
using this map together with those generated from three
more Shake and Bake solutions, we were able to trace the
complete 72-residue protein chain of HgAtx1. To our
knowledge, this structure represents one of the largest
unknown structures solved with Shake and Bake. The
structure was refined first with X-PLOR [26] at 1.5 Å reso-
lution and then with SHELX97 [27] at 1.02 Å resolution
(Table 2). The final 2Fo–Fc electron-density map is shown
in Figure 1b. The structure of oxidized apoAtx1 was
refined at 1.20 Å resolution with SHELX97 using the coor-
dinates of HgAtx1 as a starting model (Tables 1 and 2).
Details of the structure solution and refinement proce-
dures are given in the Materials and methods section.
Overall structure
The structure of Atx1 is shown in Figure 2. The molecule
has approximate dimensions of 24 × 27 × 36 Å, and con-
sists of two α helices and a four-stranded antiparallel
β sheet. The overall fold is βαββαβ, with the two helices
on one side of the molecule and the β sheet on the other
side. The elements of secondary structure are as follows:
α helix 1 consists of residues 16–27; α helix 2, residues
53–62; β strand 1, residues 5–10; β strand 2, residues
35–39; β strand 3, residues 44–49; and β strand 4, residues
69–73. The junction of this loop and helix 1 houses the
mercury atom, which is coordinated by two cysteine
residues, Cys15 and Cys18. Helix 1 is connected to
β strand 2 by loop 2, which consists of residues 28–34. In
this loop, residue 31 is a proline and is part of a tight turn
involving residues 29–32. Loop 3 connects β strand 2 to
β strand 3, and forms a type I tight β turn consisting of
residues 40–43. β strand 3 is connected to helix 2 by loop
4, comprising residues 50–52. In the crystal lattice, this
loop packs against the same loop in a symmetry-related
molecule. Finally, helix 2 is linked to β strand 4 by loop 5,
an extended loop consisting of residues 63–68. The
hydrophobic core of the protein is composed of residues
Phe9, Val11, Met13, Val22, Leu26, Leu29, Val33, Ile36,
Ile38, Val45, Val47, Ile56, Ile60, and Val67.
The βαββαβ fold of Atx1 places it in the structural
family of proteins denoted ‘ferredoxin-like’ [28]. Other
members of this class include the fourth metal-binding
repeat of the Menkes protein, the bacterial mercury-ion
transporter MerP, acylphosphatases, ferredoxins, and
small DNA- and RNA-binding domains. A structure-
based sequence alignment of Atx1 with several of these
proteins is shown in Figure 3. Atx1 most closely resem-
bles the fourth metal-binding repeat of the Menkes
protein, and is superposed with one of the 20 NMR
structures of the Menkes4 domain [22] in Figure 4a. The
overall root mean square (rms) difference is 1.74 Å for 64
Cα coordinates (Atx1 residues 30–31 and 68–73 are not
included). The rms difference is close to 1.7 Å for each
of the other 19 NMR models as well. The two 
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Table 2
Refinement statistics.
HgAtx1 Oxidized apoAtx1
Resolution range (Å) 50–1.02 20–1.20
No. of reflections 26,456 18,197
Isotropic
R factor* 0.178 0.203
Rfree* 0.207 0.240
Anisotropic
R factor 0.146 0.145
Rfree 0.179 0.208
Hydrogen atoms added
R factor 0.141 0.138
Rfree 0.172 0.199
No. of protein nonhydrogen atoms 567 567
No. of solvent atoms† 135 124
Rms bond length (Å) 0.011 0.008
Rms bond angle (°) 1.98 1.28
Average B value (Å2)
Mainchain 6.00 10.70
Sidechain 10.36 16.82
*R factor = Σ|Fobs–Fcalc|/ΣFobs. Ten percent of the reflections were
reserved for calculation of Rfree for HgAtx1 and five percent of the
reflections were reserved for the calculation of Rfree for oxidized
apoAtx1. †The 135 solvent atoms for HgAtx1 include 114 fully
occupied water molecules, 3 half-occupied water molecules, and 2
benzamidine molecules. The 124 solvent atoms for oxidized apoAtx1
include 99 fully occupied water molecules, 16 half-occupied water
molecules, and 1 benzamidine molecule.
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Figure 2
Overall Structure of HgAtx1. (a) Stereoview
Cα trace. (b) Stereo ribbon diagram showing
the Hg(II) ion and the two coordinating
cysteine residues. The figure was generated
with the program SETOR [47].
Figure 3
β1 α2L4L1 α1 L2 L3 β3 β4L5
Atx1   MAEIKHYQ FNVV--MTCS GCSGAVNKVL TKLEPDVSKI DISLEK---Q LVDVYTT--- L---PY-DFI LEKIKKTGKE V-----RSGK QL                 73
Mnk4    LTQETVI NIDG--MTCN SCVQSIEGVI SKKP-GVKSI RVSLAN---S NGTVEYD--- PLLTSP-ETL RGAIEDMGFD A-----TLSD                    72
MerP     ATQTVT LAVPG-MTCA ACPITVKKAL SKVE-GVSKV DVGFEK---R EAVVTFDDTK A---SV-QKL TKATADAGYP S------SVK Q                  73
Acp AEGDTLISVD YEIFGKVQGV FFRKYTQAEG KKLGL---VG WVQNTDQGTV QGQLQGP--- A---SKVRHM QEWLETKGSP KSHIDRASFH NEKVIVKLDY TDFQIVK 98
Ferr       PIEV N--DDCMACE ACVEI----- CPDV----FE M--NEEGDK- -AVV--INPD SDLD-CVEEA IDS-----CP AEA----IVRS                   58
β2
Structure
Structure-based alignment of the Atx1 amino acid sequence with the
sequences of other structurally characterized βαββαβ proteins. The
positions of the Atx1 secondary structure elements determined from
the crystal structure are shown at the top of the figure. β Strands are
shown as blue arrows, α helices are shown as thick yellow lines, and
loop regions are shown as thin purple lines. Cysteine residues involved
in metal binding are shown in red. Each sequence is shaded according
to secondary structure element as well. Shown are: Mnk4, the fourth
metal-binding domain of the Menkes protein (PDB accession number
2AW0); MerP, periplasmic mercury transporter from Shigella flexineri
(PDB accession number 1AFJ); Acp, acylphosphatase from bovine
testis (PDB accession number 2ACY); and Ferr, [3Fe–4S] ferredoxin II
from D. gigas (PDB accession number 1FXD).
metal-binding loops superimpose remarkably well, the
main differences arising in loop 2 and loop 4. In particu-
lar, loop 4 is larger in the Menkes protein. The similarity
between Atx1 and the Menkes4 domain is particularly
striking because the Menkes protein is the human
homolog of the target protein of Atx1, Ccc2. This
finding indicates that the same structural unit can serve
either as a freely diffusing metal-carrier protein or as a
metal-receptor domain tethered to an integral membrane
protein. Atx1 is also similar to MerP, a mercury-detoxifi-
cation protein from bacteria, demonstrating that this
motif can be used for trafficking different metal ions by
many organisms. The coordinates of Atx1 superimpose
with one of the MerP NMR structures [23] (Figure 4b)
with an rms deviation of 1.97 Å for 64 Cα positions (Atx1
residues 2, 29–31, 41–42, and 68 are not included). The
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Figure 4
Comparison of Atx1 with other metal-
trafficking proteins. (a) Superposition of
HgAtx1 (purple) and the Menkes fourth metal-
binding domain (blue). The Menkes domain
contains an Ag(I) ion in the metal-binding site.
(b) Superposition of HgAtx1 (purple) and
MerP (red). MerP contains a Hg(II) ion in the
metal-binding site. 
most pronounced differences are again in the loop
regions, with the exception of the metal-binding loop,
which is quite similar.
A superposition of Atx1 with the structure of acylphos-
phatase (ACP) from bovine testis [29] is shown in
Figure 5a. Although there is no sequence homology, the
folds are quite similar, with an rms deviation for 56 Cα
positions (Atx1 residues 2–3, 13–16, 31–34, 53, and 64–67
are not included) of 1.89 Å. ACP contains an additional
loop and a fifth β strand not found in the other proteins.
Loops 1, 3, and 5 are more extended in ACP and create an
anion-binding pocket, whereas loop 2 is more extended in
Atx1. Loop 4 is not present in ACP. The phosphate-
binding site is located at the N terminus of helix 1, and is
occupied by a sulfate ion that interacts with residue Arg23.
The position of this active site is similar to the location of
the metal-binding sites in Atx1, the Menkes4 domain, and
MerP, but is more buried.
Although Atx1 and the other metal transporter and traf-
ficking domains have the same fold as the ferredoxins,
there are several important differences. The [3Fe–4S]
ferredoxin II from Desulfovibrio gigas [30] is compared to
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Figure 5
Comparison of Atx1 with other members of
the βαββαβ structural class. (a) Superposition
of HgAtx1 (purple) and acylphosphatase from
bovine testis (green). A sulfate ion is found in
the active site of acylphosphatase.
(b) Superposition of HgAtx1 (purple) and
[3Fe—4S] ferredoxin II (orange). The three
Fe(III) ions are shown as gold spheres. The
figure was generated with the program
SETOR [47].
Atx1 in Figure 5b. The first β strand is shorter than that
in Atx1, and the metal-binding loop is more extended.
Helix 1, β strand 2, and β strand 3 are also shorter,
whereas helix 2 and β strand 4 are similar in length to
those in Atx1. Some ferredoxins, such as the 7Fe ferre-
doxin I from Azotobacter vinelandii [31], also have an
extended C-terminal domain. Although the metal-
binding site is in the same location as in Atx1, it is more
buried and the ligands originate from different regions of
the protein. Three cysteine residues coordinate the
[3Fe–4S] cluster: Cys8 located on loop 1, Cys14 located at
the N terminus of helix 1, and Cys50 located at the C ter-
minus of helix 2 and the beginning of loop 5. In ferredox-
ins with two [Fe–S] clusters, the additional cysteine
ligands typically come from helix 2 [32]. Despite these
differences, the net effect of the βαββαβ fold in both pro-
teins is to accommodate specific metal binding. This
comparison suggests that the metal-binding loop in Atx1
has evolved specifically to facilitate a transfer or sensing
function rather than electron transfer or catalysis.
Metal-binding site
The Atx1 mercury-binding site is shown in Figure 6. The
mercury ion is coordinated by Cys15 and Cys18, with Hg–S
distances of 2.33 Å for Cys15 and 2.34 Å for Cys18. The
coordination is close to linear, with a S–Hg–S bond angle of
167°. The coordination is consistent with interpretations of
EXAFS and 199Hg NMR spectroscopic data for HgAtx1 [8],
and is similar to the coordination of Hg(II) in MerP [23]
and Ag(I) in the Menkes4 domain [22] (Figure 4). The
sidechain oxygen atom of Thr14 is close to the mercury
atom, with a Hg–OG1 distance of 3.07 Å, and the
Hg–OG(Ser16) distance is 6.73 Å. Neither oxygen atom is
close enough to be considered a primary bonding inter-
action, but the Thr14 sidechain oxygen atom approaches
the distance expected for a secondary bonding interaction
[33]. Metal–ligand bond distances are known to vary signif-
icantly as a function of the Hg(II) coordination number
[33–37]. In this case, the Hg–S bond distances are very
similar to the average Hg–S distances in known two-coordi-
nate complexes, supporting the conclusion that the oxygen
atoms do not contribute to the bonding. The positions of
the Thr14 and Ser16 sidechains do provide significant
steric shielding of the metal center. Lys65, which is located
on the second α helix, is the fourth closest residue to the
mercury ion, with a Hg–NZ distance of 5.18 Å. This lysine
residue is conserved among known copper chaperones, but
corresponds to a highly conserved phenylalanine or proline
residue in the metal-binding domains of copper transport
ATPases. The potential importance of this variation
between family members is discussed below. Interestingly,
Lys65 is in the same position as a ligand to the [3Fe–4S]
cluster in D. gigas ferredoxin II, Cys50 (Figure 5b).
Metal-transfer activity
Mercury(II) has served as a structurally useful model for
low coordination number Cu(I) sites in a variety of pro-
teins [34–37], but it is not known whether Hg(II) can
undergo the same types of reactions as Cu(I) in these
metal ion trafficking proteins. Therefore, an in vitro assay
developed to examine copper transfer between Atx1 and
Ccc2 (DLH and TVO, unpublished results) was
employed to test whether HgAtx1 is a functionally compe-
tent model for CuAtx1. In this assay, the metallated form
of Atx1 is incubated with a domain of its biological
partner, Ccc2a. Ccc2a comprises the N-terminal
72 residues of Ccc2, a region that shares considerable
homology with Atx1. After chromatographic separation,
the amount of metal transferred from one protein to
another is determined by elemental analysis (see the
Materials and methods section). As shown in Figure 7, a
significant amount of Hg(II) was transferred to the Ccc2a-
containing fraction, demonstrating that HgAtx1 can trans-
fer metal ions to its biological partner. We conclude that
Hg(II) can undergo the same physiological metal-transfer
reactions as Cu(I) in these proteins. These results corrobo-
rate the proposal that Hg(II) can be a structurally and
functionally useful model for Cu(I) [8].
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Figure 6
Stereoview of the metal-binding site in
HgAtx1. The figure was generated with the
program SETOR [47].
Structure of oxidized apoAtx1
We have also determined the X-ray structure of the oxi-
dized apo form of Atx1. According to mechanistic propos-
als, the reduced apo protein is involved in metal binding
[8], and there is no evidence that the oxidized form is
functionally relevant. The structure of oxidized apoAtx1
provides insight into the conformational flexibility of the
metal-binding site, however. The two structures are
superimposed in Figure 8. A major change occurs in the
metal-binding loop, with Cys15 shifting position to form a
disulfide bond with Cys18. The difference in Cα coordi-
nates for Cys15 in HgAtx1 and in oxidized apoAtx1 is
4.07 Å. This shift is accompanied by a rearrangement of
residues Thr14, Ser16, and Gly17. The position of Ser16
is the most altered, with a difference in Cα coordinates of
5.65 Å between the two forms of the protein. The differ-
ence in Cα positions for Thr14 and Gly17 are 1.21 Å and
1.31 Å, respectively. The remainder of the protein chain is
very similar in the two forms of the protein, with an
overall rms deviation in Cα coordinates of 0.109 Å for
residues 2–13 and 0.227 Å for residues 18–73. According
to results of yeast two-hybrid experiments, Atx1 and Ccc2
do not interact under copper-limiting conditions [8]. If
this metal-dependent recognition is mediated by
protein–protein contacts between Atx1 and Ccc2, a con-
formational change in Atx1 upon the binding of metal ion
might be expected. A comparison of the Hg and oxidized
apoAtx1 structures, however, reveals no major conforma-
tional changes in the protein upon loss of metal and oxida-
tion to disulfide. The only differences are manifested in
residues 14–17 of the metal-binding loop, with the rest of
the structure being virtually identical.
In the NMR structure of the apo Menkes4 domain, the
metal-binding loop is not well-defined whereas the rest of
the structure resembles that of the Ag(I) form [22]. For
MerP, the differences in the metal-binding loop in the
Hg(II) and oxidized apo forms are similar to what is
observed in Atx1, with residues Thr13, Cys14, Ala15, and
Ala16 shifting position to form a disulfide bond [23,24]. In
the reduced apo form of MerP at pH 6.5, the two cysteine
residues are much farther apart, and Cys17 is no longer
exposed to the surface. In addition, a phenylalanine
residue, Phe38, shifts towards the metal-binding loop and
is proposed to be important in protein–protein interactions
[23]. In Atx1, a leucine residue, Leu40, occupies this posi-
tion and is well defined in all Atx1 structures that we have
solved, including those in which the metal-binding loop is
disordered. If Leu40 were to shift upon reduction of the
disulfide bond, we would expect that it would be disor-
dered in structures that contain a mixture of oxidized and
reduced protein. Therefore, Leu40 may not play a similar
role to Phe38 in MerP. Cys18 is also consistently well-
defined in all structures, suggesting that it does not
change position in the reduced form. At low pH, the
reduced apo form of MerP does not exhibit these changes
in Cys17 and Phe38, and is more similar to the Hg(II) and
oxidized apo forms [24]. Interestingly, in both the oxi-
dized and reduced apo forms of MerP, the conserved
methionine residue, Met12, changes conformation and
points toward the surface of the protein. In the structures
of Atx1 and the Menkes4 domain, this methionine residue
is involved in the hydrophobic core of the protein.
Copper binding
Crystallization of the copper form of Atx1 (CuAtx1) was
attempted, and crystals were obtained from similar condi-
tions as the HgAtx1 crystals. The metal-binding loop was
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Figure 7
Mercury-transfer assay. The plots show protein (l,) and metal-ion
(s,− − −) concentrations of fractions from a strong anion-exchange
column. Controls demonstrate that (a) Ccc2a strongly binds and
elutes from the column in fractions 24–26 (20 mM MES/Na, pH 6,
~0.35 M NaCl), whereas (b) HgAtx1 does not bind to the column and
elutes in fractions 5–7 (20 mM MES/Na, pH 6). Metal ion transfer
assay (c) between HgAtx1 and Ccc2a demonstrates that Hg(II) is
transferred to Ccc2a.
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consistently disordered in structures determined from
these crystals, however, and no ordered copper was
observed. Similar results were obtained from crystals of
apoAtx1. In each structure, residues Thr14, Cys15, and
Ser16 were disordered. As described above, these residues
shift in the oxidized apo form of Atx1, suggesting that the
CuAtx1 crystals contained a mixture of oxidized apo and
reduced apo or metallated protein. Even crystals grown
anaerobically to prevent oxidation of Cu(I) and/or in the
presence of excess Cu(I) did not yield a stable, copper-
occupied site. We do not know the mechanisms of copper
loss in the crystallization conditions, but it is possible that
components of the crystallization buffer, such as ammo-
nium sulfate, lead to loss of Cu(I) from the protein. In
addition, the conformation of the copper protein may not
be accommodated by this crystal lattice, as the metal-
binding site is located at a crystal-packing contact. A com-
parison of the structures of Hg and oxidized apoAtx1
shows that the metal-binding site is flexible. This flexibil-
ity is consistent with the EXAFS data, which show that
the site can accommodate both two- and three-coordinate
geometries. The two-coordinate geometry observed in
HgAtx1 is proposed to represent one possible conforma-
tion for CuAtx1 [8]. If another conformation is present in
the crystal, such as three-coordinate geometry, crystal-
packing forces may favor loss of the Cu(I) ion.
The exact nature of the copper-binding site in Atx1 there-
fore remains unresolved, although the structural features
of the metal-binding site in HgAtx1 are consistent with
the proposed copper-coordination chemistry and mecha-
nism of metal ion transfer to Ccc2 [8]. The EXAFS data
for CuAtx1 establish that Cu(I) binds to two sulfur ligands
at a distance of 2.25 Å and a third ligand, which was postu-
lated to be an exogenous thiol, at a distance of 2.40 Å.
Several other possibilities for the third ligand were also
considered, including the sulfur atom from Met13 or an
oxygen or nitrogen donor [8]. The Hg–S(Met13) distance
in the HgAtx1 structure is 8.10 Å, suggesting that Met13 is
not involved in metal coordination. Met13 is important in
stabilizing the hydrophobic core of the protein and the
metal-binding loop, and the residue may be conserved for
this reason, not because it plays any direct role in metal
binding. Even if Met13 were to change conformation as it
does in the oxidized and reduced apo forms of MerP
[23,24], the Hg–S distance would still be too long to allow
coordination to the metal ion. Although modeling the
third ligand as oxygen or nitrogen did not improve the
EXAFS fits, the HgAtx1 structure reveals that Thr14 is
proximal to the metal ion and is therefore a candidate for
an oxygen ligand to Cu(I).
Interaction of Atx1 with Ccc2
Several mechanistic and structural aspects of the Atx1
and Ccc2 metal-transfer reactions have yet to be estab-
lished. It is not known how the relative off-rates and
affinities of the two proteins for copper are tuned, how
the two proteins interact to exchange metal, or what
factors define the specificity of the two proteins for one
another. The similarity between Atx1 and the Menkes4
metal-binding domain suggests that Ccc2 will also have a
very similar structure to Atx1. One difference is the sub-
stitution of a phenylalanine residue for a lysine at position
65 (Figure 4a). This residue is a phenylalanine in five of
the six Menkes and Wilson metal-binding repeats (the
sixth is a proline) and in both repeats of Ccc2. The aro-
matic ring might stabilize the metal-binding loop in the
copper-transport ATPases, whereas the positive charge
from the lysine residue might modulate metal binding
and transfer by the chaperone proteins. As mentioned
above, this position also corresponds to the iron-coordi-
nating cysteine residue in ferredoxins, suggesting a possi-
ble evolutionary connection. The similarity in secondary
structure might also facilitate transfer. Perhaps Atx1
docks as a third repeat with the two cytosolic domains of
Ccc2. Structural characterization of multiple domains of
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Figure 8
Stereo superposition of HgAtx1 (purple) and
oxidized apoAtx1 (cyan). In oxidized apoAtx1,
Cys15 and Cys18 form a disulfide bond. The
figure was generated with the program
SETOR [47].
Ccc2 or the Menkes/Wilson proteins are necessary to
investigate this hypothesis.
The structure of Atx1 provides some insight into residues
potentially important for metal-transfer activity. There are
ten lysine residues on the surface of Atx1, including Lys5,
Lys24, Lys28, Lys35, Lys42, Lys59, Lys61, Lys62, Lys65,
and Lys71 (Figure 9a). Some of these residues could inter-
act with acidic residues on the surface of Ccc2. The
Menkes4 domain has multiple negatively charged
residues on the surface, including residues Glu4, Asp10,
Glu22, Glu46, Asp48, Glu55, Glu62, Asp63, Asp67, and
Asp72 (Figure 9b). At least four or five of these residues
are conserved in Ccc2, although an accurate structural
alignment is not possible without a structure of Ccc2.
According to recent analyses of protein–protein com-
plexes, many different residues occur at protein–protein
interfaces but tyrosine and tryptophan residues are partic-
ularly abundant [38,39]. Atx1 contains one arginine
residue, Arg68, located just before β strand 4, and three
tyrosine residues, Tyr7 on β strand 1, Tyr48 on β strand 3,
and Tyr53 on helix 2. Tyr48 is involved in a crystal contact
with Thr27 on a symmetry-related molecule. The
Menkes4 domain and Ccc2 each contain two arginine
residues, Arg36 and Arg59 in Menkes4 and Arg4 and
Arg27 in Ccc2. Interestingly, each of these domains only
contains one conserved tyrosine residue: Tyr48 in the
Menkes4 domain and Tyr49 in Ccc2. The involvement of
any of these residues in protein–protein interactions will
only be established by crystallographic characterization of
a complex between Atx1 and Ccc2. The issue of speci-
ficity also remains to be addressed. Many other proteins
involved in metal homeostasis contain the MT/HCXXC
sequence motif and, according to sequence alignments,
some have Atx1-like domains, including the yeast copper
chaperone for superoxide dismutase (yCCS or Lys7) and
its human homologue hCCS [18]. These proteins are very
specific for their corresponding partner proteins, however.
Further structural analysis will reveal what might be a
complex and subtle set of properties that determine the
specificity of individual Atx1-like domains.
Biological implications
Copper is an essential element in eukaryotic cells,
serving as a cofactor for many key enzymes, but it is also
reactive and toxic at high concentrations. In yeast cells,
the protein Atx1 delivers copper to the transport
ATPase Ccc2. Atx1 is a prototype for a new class of
proteins called metallochaperones, which function in the
delivery of metal ions to specific intracellular locations
and target proteins. Metallochaperones play an impor-
tant role in maintaining appropriate intracellular copper
levels, and they are linked to human diseases such as
Menkes syndrome, Wilson disease, and familial amy-
otrophic lateral sclerosis (FALS) [40]. As such, they
represent potential targets for new therapeutics.
Although some data regarding the genetic and cellular
aspects of copper metabolism by metallochaperones are
available, very little is known about the molecular struc-
tures of these proteins and the general mechanisms of
copper trafficking.
Here, we present the high-resolution X-ray structures of
two forms of Atx1, the Hg(II) form and the oxidized
metal-free form. We also demonstrate that HgAtx1 pos-
sesses metal ion transfer activity and can serve as a func-
tional model for CuAtx1. The HgAtx1 structure reveals
the overall secondary structure, the location of the
metal-binding site, the detailed Hg(II)-coordination
geometry, and specific amino acid residues potentially
important in defining metal-ion affinity and in mediating
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Figure 9
Surface representations of (a) HgAtx1 and (b) the Ag(I) form of the
Menkes4 domain color-coded according to electrostatic potential: red,
–17 kT; white 0 kT; blue, +17 kT. In (a), Lys5, Lys35, and Lys71 are
obscured from view. In (b), Glu4, Glu46, and Asp48 are obscured
from view. The figure was generated with the program GRASP [48]. 
interactions with Ccc2. These structural data support
the proposed Atx1 mechanism, in which facile metal
transfer occurs between metal-binding sites of the dif-
fusible copper donor and membrane-tethered copper-
acceptor proteins in several ways. First, the
metal-binding loop favors low coordination numbers by
providing few sidechains capable of ligating a metal ion.
Second, the metal-binding site is on the surface of the
protein and is thus accessible for docking with another
protein. Finally, the oxidized apoAtx1 structure reveals
that the metal-binding site is flexible, rearranging to
accommodate disulfide-bond formation in the absence of
metal ion. This flexibility may allow Atx1 to accommo-
date either two- or three-coordinate geometries at the
metal center. In addition, structural comparisons of Atx1
to other domains and proteins involved in metal ion
homeostasis suggest that the same structural unit can be
used either as a freely diffusible protein or as a tethered
domain of a membrane protein for trafficking of different
metal ions by a variety of organisms. The features dis-
cerned in these structures combined with biochemical
data and further structural characterization will form
the basis of a comprehensive picture of metal ion traf-
ficking by metallochaperones.
Materials and methods
Crystallization and data collection
Atx1 was purified and reconstituted with Hg(II) as described previously
[8]. Small crystals of HgAtx1 were obtained by vapor diffusion using
ammonium sulfate as a precipitating agent. These conditions were opti-
mized, and large crystals were obtained at both room temperature and
at 18°C from 2.4 M ammonium sulfate, 2% benzamidine hydrochloride,
and 3% glycerol. The crystals grow to maximum dimensions of
0.1 × 0.2 × 0.5 mm and form within one week. The space group is C2
with unit-cell dimensions a = 56.65 Å, b = 29.60 Å, c = 40.77 Å, and
β = 114.83°. The asymmetric unit contains one 8088 Da monomer with
a calculated Vm of 1.96 Å3/Da. At –160°C, the crystals diffract to better
than 1 Å resolution using synchrotron radiation. Crystals of apo and
CuAtx1 were also obtained from 2.4 M ammonium sulfate, 2% benza-
midine hydrochloride, and 3% glycerol and were isomorphous with the
HgAtx1 crystals. Structures solved from data collected on these crys-
tals subsequently revealed a disordered metal-binding loop indicative
of a mixture of oxidized and reduced apo protein. The oxidized apo form
of the protein was generated by crystallization of CuAtx1 in the pres-
ence of excess CuSO4 and reduced glutathione. These crystals were
obtained from the same crystallization solution as the HgAtx1 crystals,
but they were grown at 25°C in an anaerobic chamber. All data used
for the structure determinations were collected at the DND-CAT beam-
line at the APS using a 2k × 2k Mar CCD detector (Table 1). The data
were processed with DENZO [41] and scaled with SCALA in the
CCP4 program package [42].
Structure determination and refinement
The structure of HgAtx1 was solved by direct methods using the
program Shake and Bake (SnB v1.5.0) [25]. The programs LEVY and
EVAL [43] were used to generate normalized structure-factor magni-
tudes (E values). The 5670 reflections with the largest E values were
then used to generate 56,700 triplets. One thousand trial structures,
each containing 567 atoms, were generated, and the known mercury
position was inserted as the first atom in each structure. The trial struc-
tures were subjected to 285 cycles of phase refinement in reciprocal
space combined with real-space density modification to reduce the
value of the minimal function Rmin. Parameter-shift phase refinement
was used with one 180° phase shift per phase. Each trial structure
required approximately 1 hour to process on a SGI R10000 worksta-
tion. A histogram of Rmin for the first 90 trial structures showed two dis-
tinct solutions, from the fortieth and fiftieth trial structures, both with
Rmin values of 0.44. The Rmin values for the other trial structures ranged
from 0.51 to 0.58. The high success rate is probably due to the pres-
ence of the mercury atom. The atomic positions from the fortieth trial
structure were then used to calculate phases with the program SFALL
[42]. The known mercury position was assigned as mercury and the
next two highest peaks were assigned as sulfur atoms because Atx1
contains two cysteine residues. All other atoms were assigned as nitro-
gens. The resultant electron-density map, calculated at 1.5 Å resolu-
tion, clearly showed a number of amino acid residues, including His6
and Tyr7 (Figure 1a). As there is only one histidine residue in Atx1, it
was immediately possible to begin tracing the chain. Although the map
was excellent in this region, it was not sufficient for tracing the whole
protein chain. Therefore, additional trial structures were generated, this
time with 867 atoms per structure. The 300 additional atoms were
added to account for solvent molecules and to maximize the number of
correctly placed atoms. These trial structures were subjected to 435
cycles of Shake and Bake refinement, and three more solutions were
obtained. The four coordinate sets were placed on a common origin
and adjusted to produce right-handed α helices. Phases were calcu-
lated from the three new solutions, and all four electron-density maps
were used simultaneously to complete building the model. The
program O was used for model building [44].
Details of the refinement are given in Table 2. The structure was initially
refined at 1.5 Å resolution using the program X-PLOR [26]. Ten percent
of the reflections were reserved for the calculation of Rfree. The final R
factor for X-PLOR refinement was 0.194 for all data between 50 and
1.5 Å, with an Rfree of 0.244. This model included all 72 residues, 2 ben-
zamidine molecules, and 66 water molecules. The refinement was then
continued using the program SHELX97 [27]. The model from the
X-PLOR refinement served as a starting model, but the water molecules
were removed so that the automatic water-divining procedure in SHELX
could be used. The same test set for calculation of Rfree used in X-PLOR
was retained for the SHELX refinement. The initial R factor in SHELX was
0.218 with an Rfree of 0.232 for all data between 50 and 1.02 Å resolu-
tion. Addition of water molecules resulted in an R factor of 0.177 and an
Rfree of 0.200. Anisotropic refinement of all atoms reduced the R factor to
0.146 and the Rfree to 0.179, and the addition of hydrogen atoms further
reduced the R factor to 0.141 and the Rfree to 0.172. The final model
contains all 72 residues, 2 benzamidine molecules, 114 fully occupied
water molecules, and 3 half occupied water molecules. The first benzami-
dine molecule is found packed between the loop connecting helix 1 and
β strand 2 and the C-terminal residue, Leu73, of a symmetry-related mol-
ecule. The second is located between the loop connecting β strands
2 and 3 (residues 40–43) and the metal-binding loop, and interacts with
residues Met13, Thr14, and Gln43 of a symmetry-related molecule. The
final 2Fo–Fc electron-density map is shown in Figure 1b. The mean coor-
dinate error estimated from a Luzzati plot is ~0.05 Å, and 100% of the
residues fall within the most-favored regions of a Ramachandran plot cal-
culated with the program PROCHECK [45]. The oxidized apoAtx1 struc-
ture was refined with SHELX using data in the 1.20–50 Å resolution
range. The final model includes 72 residues, 1 benzamidine molecule,
99 fully occupied water molecules, and 16 half occupied water mol-
ecules. The final R factor is 0.138, and the final Rfree is 0.199. The benza-
midine molecule that is located near the metal-binding loop in the HgAtx1
structure is absent, presumably because of the rearrangement of the
loop to form a disulfide bond between the two cysteine residues. The
mean coordinate error estimated from a Luzzati plot is ~0.05 Å, and
95.3% of the residues fall within the most-favored regions of a
Ramachandran plot, with all the residues in allowed regions. Final refine-
ment details for the oxidized apoAtx1 structure are included in Table 2.
Mercury-transfer assay
HgAtx1 was prepared as described previously [8]. The N-terminal
72 residues of Ccc2 share significant homology with Atx1, suggesting
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a similar secondary structure. This region, designated Ccc2a, was
cloned into pET11d (Novagen) and expressed in E. coli strain
BL21(DE3) after induction with IPTG. The protein was isolated by
freeze-thaw extraction and purified to a high degree of homogeneity on
DEAE-Sepharose and Superdex 75 (Pharmacia). Electrospray ioniza-
tion mass spectrometry (ESI-MS) confirmed the expected mass of
7882.1 Da. Samples of Ccc2a used for metal-transfer experiments
were prepared in an inert atmosphere chamber (Vac Atmospheres) to
prevent oxidation of the cysteine residues. Metal ion transfer experi-
ments were performed by combining HgAtx1 with apoCcc2a in 20 mM
MES/Na, pH 6.0. After a 5 min incubation, the mixture was separated
using the same buffer on a Bio-Scale Q2 strong anion-exchange
column (Biorad). Control experiments demonstrate that Atx1 was not
retained on the Q2 column, whereas Ccc2a bound strongly and was
eluted with a NaCl gradient. Isocratic flow in the absence of NaCl was
maintained for 6 min (Fractions 1–12) and then a linear gradient
(0–0.5 M NaCl) was implemented for 8 additional min (Fractions
13–28) (Figure 7). Column fractions were analyzed for protein and
metal content by the Bradford assay [46] and inductively coupled
plasma atomic emission spectroscopy (ICP-AES), respectively.
Accession numbers
The coordinates of HgAtx1 and oxidized apoAtx1 have been deposited
in the Brookhaven Protein Data Bank with accession codes 1CC8 and
1CC7, respectively.
Note added in proof
Recent studies reveal that there is less than one free copper atom per
cell and thus underscore the functional importance of metallochaper-
one proteins such as Atx1 (Rae, T., Schmidt, P., Pufahl, R.A., Culotta,
V.C. & O’Halloran, T.V., 1999). Undetectable intracellular free copper:
the requirement of a copper chaperone for superoxide dismutase.
Science 294, 805-808).
Acknowledgements
This work was supported by NIH GM58518 (ACR), by NIH GM38784 and
GM54111 (TVO), by a supplement to the latter (ACR and TVO), by funds
from Northwestern University and the Robert H Lurie Cancer Center (ACR),
and by NIH NRSA Training Grants F32 GM16618-02 (DLH) and F32
DK09305 (RAP). We thank John Quintana, Denis Keane and Michael Blum
for assistance with X-ray diffraction data collection at the DuPont–North-
western–Dow Collaborative Access Team (DND-CAT) Synchrotron
Research Center at the Advanced Photon Source. We also thank Russ
Miller for helpful advice about the use of Shake and Bake and Val Culotta
for insightful discussions.
References
1. Linder, M.C. & Hazegh-Azam, H. (1996). Copper biochemistry and
molecular biology. Am. J. Clin. Nutr. 63, 797S-811S.
2. Dancis, A., Haile, D., Yuan, D.S. & Klausner, R.D. (1994). The
Saccharomyces cerevisiae copper transport protein (Ctr1p).
Biochemical characterization, regulation by copper, and physiologic
role in copper uptake. J. Biol. Chem. 269, 25660-25667.
3. Valentine, J.S. & Gralla, EB. (1997). Delivering copper inside yeast
and human cells. Science 278, 817-818.
4. Moller, J.V., Juul, B. & Lemaire, M. (1996). Structural organization, ion
transport, and energy transduction of P-type ATPases. Biochim.
Biophys. Acta 1286, 1-51.
5. Askwith, C.,et al., & Kaplan, J. (1994). The FET3 gene of S. cerevisiae
encodes a multicopper oxidase required for ferrous iron uptake. Cell
76, 403-410.
6. Silva, D.M.D., Askwith, C.C., Eide, D. & Kaplan, J. (1995). The FET3
gene product required for high affinity iron transport in yeast is a cell
surface ferroxidase. J. Biol. Chem. 270, 1098-1101.
7. Yuan, D.S., Stearman, R., Dancis, A., Dunn, T., Beeler, T. & Klausner,
R.D. (1995). The Menkes/Wilson disease gene homologue in yeast
provides copper to a ceruloplasmin-like oxidase required for iron
uptake. Proc. Natl Acad. Sci. USA 92, 2632-2636.
8. Pufahl, R.A., et al., & O’Halloran, T.V. (1997). Metal ion chaperone
function of the soluble Cu(I) receptor, Atx1. Science 278, 853-856.
9. Lin, S.-J. & Culotta, V.C. (1995). The ATX1 gene of Saccharomyces
cerevisiae encodes a small metal homeostasis factor that protects
cells against reactive oxygen toxicity. Proc. Natl Acad. Sci. USA
92, 3784-3788.
10. Lin, S.-J., Pufahl, R.A., Dancis, A., O’Halloran, T.V. & Culotta, V.C.
(1997). A role for the Saccharomyces cerevisiae ATX1 gene in
copper trafficking and iron transport. J. Biol. Chem. 272, 9215-9220.
11. Zhou, B. & Gitschier, J. (1997). hCTR1: A human gene for copper
uptake identified by complementation in yeast. Proc. Natl Acad. Sci.
USA 94, 7481-7486.
12. Klomp, L.W.J., Lin, S.-J., Yuan, D.S., Klausner, R.D., Culotta, V.C. &
Gitlin, J.D. (1997). Identification and functional expression of HAH1, a
novel human gene involved in copper homeostasis. J. Biol. Chem.
272, 9221-9226.
13. Harris, Z.L., Takahashi, Y., Miyajima, H., Serizawa, M., MacGillivray,
R.T. & Gitlin, J.D. (1995). Aceruloplasminemia: molecular
characterization of this disorder of iron metabolism. Proc. Natl Acad.
Sci. USA 92, 2539-2543.
14. Bull, P.C., Thomas, G.R., Rommens, J.M., Forbes, J.R. & Cox, D.W.
(1993). The Wilson disease gene is a putative copper transporting
ATPase similar to the Menkes gene. Nat. Genet. 5, 327-337.
15. Vulpe, C., Levinson, B., Whitney, S., Packman, S. & Gitschier, J.
(1993). Isolation of a candidate gene for Menkes disease and evidence
that it encodes a copper-transporting ATPase. Nat. Genet. 3, 7-13.
16. Bull, P.C. & Cox, D.W. (1994). Wilson disease and Menkes disease:
new handles on heavy-metal transport. Trends Genet. 10, 246-252.
17. Dancis, A., et al., & Klausner, R.D. (1994). Molecular characterization
of a copper transport protein in S. cerevisiae: an unexpected role for
copper in iron transport. Cell 76, 393-402.
18. Culotta, V.C., Klomp, L.W.J., Strain, J., Casareno, R.L.B., Krems, B. &
Gitlin, J.D. (1997). The copper chaperone for superoxide dismutase.
J. Biol. Chem. 272, 23469-23472.
19. DiDonato, M., Narindrasorasak, S., Forbes, J.R., Cox, D.W. & Sarkar,
B. (1997). Expression, purification, and metal binding properties of the
N-terminal domain from the Wilson disease putative copper-
transporting ATPase (ATP7B). J. Biol. Chem. 272, 33279-33282.
20. Lutsenko, S., Petrukhin, K., Cooper, M.J., Gilliam, C.T. & Kaplan, J.H.
(1997). N-terminal domains of human copper-transporting adenosine
triphosphatases (the Wilson’s and Menkes disease proteins) bind
copper selectively in vivo and in vitro with stoichiometry of one copper
per metal-binding repeat. J. Biol. Chem. 272, 18939-18944.
21. Hung, I.H., Casareno, R.L.B., Labesse, G., Matthews, F.S. & Gitlin, J.D.
(1998). HAH1 is a copper-binding protein with distinct amino acid
residues mediating copper homeostasis and antioxidant defense.
J. Biol. Chem. 273, 1749-1754.
22. Gitschier, J., Moffat, B., Reilly, D., Wood, W.I. & Fairbrother, W.J.
(1998). Solution structure of the fourth metal binding domain from the
Menkes copper-transporting ATPase. Nat. Struct. Biol. 5, 47-54.
23. Steele, R.A. & Opella, S.J. (1997). Structures of the reduced and
mercury-bound forms of MerP, the periplasmic protein from the
bacterial mercury detoxification system. Biochem. 36, 6885-6895.
24. Qian, H., Sahlman, L., Eriksson, P., Hambraeus, C., Edlund, U. &
Sethson, I. (1998). NMR solution structure of the oxidized form of
MerP, mercuric ion binding protein involved in bacterial mercuric ion
resistance. Biochemistry 37, 9316-9322. 
25. Miller, R., Gallo, S.M., Khalak, H.G. & Weeks, C.M. (1994). SnB:
Crystal structure determination via Shake and Bake. J. Appl.
Crystallogr. 27, 613-621.
26. Brünger, A.T. (1993). X-PLOR Manual Version 3.1: A system for 
X-ray crystallography and NMR. Yale University Press, New Haven, CT.
27. Sheldrick, G.M. & Schneider, T.R. (1997). SHELXL: High-resolution
refinement. Method. Enzymol. 277, 319-343.
28. Hubbard, T.J.P., Murzin, A.G., Brenner, S.E. & Chothia, C. (1997).
SCOP - A structural classification of proteins database. Nucleic Acids
Res. 25, 236-239.
29. Thunnissen, M.M.G.M., Taddei, N., Liguri, G., Ramponi, G. & Nordlund,
P. (1997). Crystal structure of a common type acylphosphatase from
bovine testis. Structure 5, 69-79.
30. Kissinger, C.R., Sieker, L.C., Adman, E.T. & Jensen, L.H. (1993).
Refined crystal structure of ferredoxin II from Desulfovibrio gigas at
1.7 Å. J. Mol. Biol. 219, 693-715.
31. Sridhar, V., Prasad, G.S., Burgess, B.K. & Stout, C.D. (1998). Crystal
structures of ferricyanide-oxidized [Fe-S] clusters in Azotobacter
vinelandii ferredoxin I. J. Biol. Inorg. Chem. 3, 140-149.
32. Tranqui, D. & Jesior, J.C. (1995). Structure of the ferredoxin from
clostridium acidurici: model at 1.8 Å resolution. Acta Crystallogr. D
51, 155-159.
616 Structure 1999, Vol 7 No 6
33. Wright, J.W., Natan, M.J., MacDonnell, F.M., Ralston, D.M. &
O’Halloran, T.V. (1990). Mercury(II) thiolate chemistry and the
mechanism of the heavy metal biosensor MerR. Prog. Inorg. Chem.
38, 323-412.
34. Utschig, L., Baynard, T., Strong, C. & O’Halloran, T.V. (1997). Probing
the copper coordination chemistry of rusticyanin and azurin by 2D
199Hg NMR. Inorg. Chem. 36, 2926-2927.. 
35. Watton, S.P., Wright, J.G., MacDonnell, F.M., Bryson, J.W., Sabat, M.
& O’Halloran, T.V. (1990). Trigonal mercuric complex of an aliphatic
thiolate: a spectroscopic and structural model for the receptor site in
the Hg(II) biosensor MerR. J. Am. Chem. Soc. 112, 2824-2826.
36. Utschig, L., Wright, J., Dieckmann, G., Pecoraro, V. & O’Halloran, T.V.
(1995). The 199Hg chemical shift as a probe of coordination
environments in blue copper proteins. Inorg. Chem. 34, 2497-2498.
37. Utschig, L.M., Bryson, J.W. & O’Halloran, T.V. (1995). Mercury-199
NMR of the metal receptor site in MerR and its protein-DNA complex.
Science 268, 380-385.
38. Stites, W.E. (1997). Protein-protein interactions: interface structure,
binding thermodynamics, and mutational analysis. Chem. Rev.
97, 1233-1250.
39. Bogan, A.A. & Thorn, K.S. (1998). Anatomy of hot spots in protein
interfaces. J. Mol. Biol. 280, 1-9.
40. Deng, H.-X., et al., & Siddique, T. (1993). Amyotrophic lateral sclerosis
and structural defects in Cu,Zn superoxide dismutase. Science
261, 1047-1051.
41. Otwinowski, Z. (1993). Oscillation data reduction program. In
Proceedings of the CCP4 Study Weekend: Data Collection and
Processing. ( Sawyer, L., Isaacs, N. & Bailey, S., eds), pp. 56-62,
SERC Daresbury Laboratory, Warrington, UK. 
42. Collaborative Computational Project, Number 4. (1994). The CCP4
suite: programs for protein crystallography. Acta Crystallogr. D
50, 760-763.
43. Blessing, R.H. (1989). DREADD – Data reduction and error analysis
for single-crystal diffractometer data. J. Appl. Crystallogr.
22, 396-397.
44. Jones, T.A., Zou, J.-Y., Cowan, S.W. & Kjeldgaard, M. (1991).
Improved methods for building protein models in electron density
maps and location of errors in these models. Acta Crystallogr. A
47, 110-119.
45. Laskowski, R.A. (1993). PROCHECK: a program to check the
stereochemical quality of protein structures. J. Appl. Crystallogr.
26, 283-291.
46. Bradford, M.M. (1976). A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 72, 248-254.
47. Evans, S.V. (1993). SETOR: hardware lighted, three-dimensional solid
model representations of macromolecules. J. Mol. Graphics
11, 134-138.
48. Nicholls, A., Sharp, K.A. & Honig, B. (1991). Protein folding and
association: insights from the interfacial and thermodynamic
properties of hydrocarbons. Proteins 11, 281-296.
Research Article  Metallochaperone Atx1 Rosenzweig et al. 617
Because Structure with Folding & Design operates a
‘Continuous Publication System’ for Research Papers, this
paper has been published on the internet before being printed
(accessed from http://biomednet.com/cbiology/str). For
further information, see the explanation on the contents page.
